ABC EFFECT AS A SIGNAL OF CHIRAL SYMMETRY RESTORATION 

IN HADRONIC COLLISIONS 
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A principally new mechanism for the basic 27r-fusion reaction p + n — > d + (nir)o in the energy 
region T p = 1.0-1.4 GeV is suggested. The mechanism is aimed to provide a non-contradictory 
explanation for the comprehensive experimental studies of this reaction in exclusive setting done 
recently at COSY-WASA. The basic assumption of the model proposed is the production of the 
7(J P ) = 0(3+) dibaryon resonance Z?o3 in the pn collision. The interference of two decay channels 
of this resonance: D03 — > d + a — > d + (irn)o and D03 — > -D12 + 7r — > d + (mr)o is shown to give a 
strong near-threshold enhancement in the -kit invariant mass spectrum, which is well known as the 
ABC-effect. The <r-meson parameters found to reproduce the ABC-enhancement are in a general 
agreement with models which predict a chiral symmetry restoration at a high excitation energy 
and/or high density of matter, although they are essentially less than those accepted for the free 
cr-meson. So, this result might be considered as an indication of the (partial) chiral symmetry 
restoration in dense and excited quark matter. 



The famous ABC-effect discovered more than 50 years 
ago [l| is observed in double-pionic fusion reactions 
as a pronounced spectral enhancement of isoscalar na- 
ture just above the 7T7r production threshold. The ef- 
fect was initially interpreted [l[ as being due to strong 
7T7T rescattering in the scalar-isoscalar channel, associated 
naturally with the cr-meson. However the interpretation 
has been left since no narrow resonance with appropriate 
mass (m ~ 300 MeV) was found in tttt scattering at low 
energies. At the same time, an other interpretation for 
the ABC-effect, based on the generation of two A-isobars 
via the ^-channel meson exchange [3| , was commonly ac- 
cepted. Although the "i-channel A-A" mechanism did 
not provide quantitative description of the data, it al- 
lowed to reproduce the shape of differential cross sections 
found in the numerous inclusive experiments on double- 
pionic fusion [3, [1] . 

The situation has changed dramatically quite recently, 
after publication of the results of the first exclusive 
and kinematically complete experiments for the basic 
27r-fusion reaction p + n — > d + tt q tt° done at COSY- 
WASA [6]. The comparison of the new experimen- 
tal data with theoretical predictions has demonstrated 
clearly that the above i-channel A-A model cannot re- 
produce even the qualitative behaviour of the experimen- 
tal energy and angular distributions, giving just a low 
background in the considered energy region (T p = 1.0- 
1.4 GeV). At the same time, the most intriguing dis- 
covery of these exclusive experiments was an observa- 
tion of the well-pronounced resonance in the total 2tt- 
production cross section. This fact has been interpreted 
by the authors || as a generation of the dibaryon res- 
onance Z?o3 in the pn collision, with quantum numbers 



I(J P ) = 0(3+), the mass m D ~ 2.37 GeV and the to- 



tal width ]?£)„ 



70 MeV. Such a resonance state has 
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been predicted already in 1964 by Dyson and Xuong Q 
and since then studied in numerous works, both theoreti- 
cal [clrloj and experimental . From the new exclusive 
experiments @ , the direct interrelation between the pro- 
duction and decay of the Do3-resonance and the ABC- 
effect has been clearly established. Having considered the 
Z?o3 as the A-A bound state, the authors [f| suggested 
the virtual decay of the -D03 into two A-isobars to be 
the basic mechanism for the reaction p + n — > d + ir°ir°. 
With such a "s-channel A-A" model they succeeded in 
a very good description of the numerous energy and an- 
gular distributions observed in this reaction. However, 
a reasonable agreement with the experimental data at 
low 7T7r invariant masses (in the region of the ABC-peak) 
could be reached in Q only when using a very soft form 
factor /aa for the D03 - ► AA vertex with the cut-off 
parameter Aaa = 0.15 GeV/c. Such a low value of 
Aaa means the characteristic radius of the Do3-state 
to be even larger than that of the deuteron. This is 
incompatible with the observed strong A-A binding in 
the Do3-state, cb{D 3) — 90 MeV, and also with the re- 
sults of the various microscopic quark model calculations 
(see, e.g., Q), which all predict the radius for 0(3 + ) A- 
A bound state r(£>03) — 0.7-0.9 fm, i.e. of the order of 
the nucleon one. Hence, the Do3-resonance appears to be 
the truly dibaryon state which arises in a situation when 
the quark cores of two A's are almost fully overlapped 
with each other. Moreover, the large width of the free 
A-isobar, Ta — 120 MeV, would not allow for two A's to 
go away to far distance, so the Z?o3 system, even after the 
pion emission, is likely to stay in a dibaryon state with 
a small radius. So, this picture contradicts essentially to 
the concept of the bound state of two isolated quasi-free 
A-isobars, which therefore looks to be rather inconsis- 
tent. Thus, one is forced to consider some alternative 
models for the Z?o3-resonance. 
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On the other hand, the isoscalar resonance Dq% and its 
decay modes with the meson emission can be understood 
quite well within the framework of the dibaryon concept 
for short-range nuclear force [Hj]. In this concept, the 
conventional t-channel cr-meson exchange between two 
isolated nucleons is replaced by the s-channel a exchange 
with the a field surrounding the whole 6q bag, which ap- 
pears in the overlap region of two nucleons. An emission 
of a light scalar meson occurs within a virtual transition 
of the 6q bag from the initial 2?kj-excitcd quark config- 
uration |s 4 p 2 [42]) to its ground state |s 6 [6]). Then, a 
strong attraction of the a field to the multi-quark core 
effectively induces a strong TV TV attraction at intermedi- 
ate distances rjvTv — 0.7-0.8 fm (for the details, see [l2[ 
and references therein to the earlier works). The predic- 
tions of the model for the TV TV p hase shifts as well as for 
the lightest nuclei properties [l2|,[l3| are at the same level 
of accuracy as those of other modern TV TV-force models, 
like Bonn, Argonne, etc., still keeping quite moderate 
values for short-range cut-off parameters (A-knn, etc.), 
which are compatible with the QCD and quark model es- 
timations. However, within the dibaryon model, the best 
description of the experimental data has been achieved 
with the rather low mass of the cr-meson, ra a ~ 350 MeV, 
whereas in the conventional meson-exchange TV TV-force 
models the a mass is taken to be ca. 600 MeV. 

In fact, the mass and width of the er-meson are still 
known with a large uncertainty: m a = 400-550 MeV, 
T a = 400-700 MeV [3. This uncertainty is obviously 
related to the large width of the cr-meson, which makes 
it difficult to extract its parameters from experimental 
data. Another possible reason for the large spread of the 
cr-meson parameters may be the chiral symmetry restora- 
tion (CSR) effect which is known to occur in hadronic 
or nuclear media. The CSR in hot and/or dense nu- 
clear matter has been studied in numerous works (see, 
e.g., [HI, Ell)- Besides that, it was shown pj} that the 
partial CSR takes place also in strongly excited states 
of isolated hadrons (baryons and mesons) at the excita- 
tion energies E* > 500 MeV. In fact, the rise of baryon 
density or nuclear matter temperature as well as a high 
hadron excitation energy lead to the increase of quark ki- 
netic energy, which results in the suppression of the chi- 
ral condensate in QCD vacuum. This, in its turn, means 
the reduction of the cr-meson mass and the width for the 
cr —> tttt decay. As the degree of CSR depends on the 
conditions under which the cr-meson is produced, the a 
masses and widths extracted from different experiments 
can also be different. Thus, since in the above dibaryon 
model the initial 6c/ bag is a dense object (r 6q ~ 0.5- 
0.6 fm) and is also the 2Sw-excited hadronic state, the 
renormalisation of the cr mass in the field of the 6q bag 
might be related to the partial CSR [l2[. 

According to the above model [l2| , the deuteron wave- 
function, besides the conventional TVTV component, has 
also the second, quark- meson component, which becomes 
dominating at short TVTV distances, i.e. when two nu- 
cleons are essentially overlapped with each other [l8j]. 



The second component of the deuteron has the structure 
An ~ s 6 + cr (l a = 0, 2) (a compact 6q bag dressed with 
a cr field), so it is similar in some sense to the picture of 
the physical nucleon in which the 3g core is dressed with 
the pionic cloud. Thus, analogously to the excited states 
of the nucleon, one can examine the excited states of the 
dibaryon Dqi and classify them on their total angular 
momentum, isospin and parity. In this way, the experi- 
mentally observed D 3 can be considered as a rotationally 
excited state of the Dqi , with the quark- meson structure 
s 6 + a (k=2,4). 

In fact, almost all dibaryon states lie in the vicinity of 
two-baryon thresholds, viz. TVTV, TVA, AA, etc., and are 
coupled strongly to the respective two-baryon channels. 
In our case, it is relevant to consider the following chain 
of dibaryon states with rising angular momenta: Dqi ~ 
TVTV, D12 ~ TVA, D Q3 ~ AA, etc. Here the D 12 is the 
well-known isovector 1 Z?2-dibaryon [l9l[20| with quantum 
numbers I(J P ) = 1(2 + ) and the mass m Dl ~ 2.15 GeV. 
Although the D 3 is a deeply bound state in the AA 
channel, it is a resonance in the p + n (as was observed 
in Q) and D12 + tt systems. It becomes a resonance 
also in the Dqi + cr system, if the a mass is less than 
500 MeV. So, there are two basic possibilities for the 
decay of the Do3-resonance into the deuteron (i.e. into 
its quark- meson component Dqi) and two pions: 

(i) by an emission of the cr-meson (mainly in the d 
wave in respect to the 6q core due to the angular 
momentum conservation) which then decays into 
two pions; 

(ii) by a sequential emission of two pions (each in p- 
wave) through an intermediate isovector dibaryon 
resonance Dy^- 

It is indicative that the above two interfering mechanisms 
for the excited dibaryon decay D03 — > d + tttt can be 
confronted with quite similar two mechanisms for the 
Roper resonance (excited nucleon) decay TV* (1440) — > 
TV + tttt [l4|: TV* (1440) -> TV + {n7r)^ ave (a) and 
TV* (1440) -> A + 7T. Note that the model [H| based 
on the excitation of the Roper resonance and its subse- 
quent decay via the above two channels was quite suc- 
cessfully applied to the reactions TV + TV — > d + tttt and 
TV + TV -> TV + TV + tttt at the energies T N < 1 GeV. 

One can also treat other channels for the decay -D03 
d + tttt, i.e. via a simultaneous emission of two uncor- 
rected pions without formation of the cr-meson or a se- 
quential emission of two pions through other intermediate 
isovector dibaryons, such as the 1(1 _ ) and 1(3~) (corre- 
sponding to the 3 Pi and 3 i 7 3 TVTV partial waves). How- 
ever the .Di2-resonance should dominate, since it is well 
known [19( to give the largest contribution to the 7tg? scat- 
tering cross section in the considered energy region. In 
a complete theoretical picture the conventional t-channcl 
A-A mechanism should also be taken into account as the 
main background process to the D03 production. 

In the present study, however, we consider just the 
dominating resonance contributions to the reaction p + 
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n — > d + (7T7r)o, which are related to the above D03 decay 
channels (i) and (ii): 

(a) p + n — s- D03 — >• d + o", 0" — >• (7T7r)o; 

(6) p + n -t L>03 D12 + 7T, D12 ->• d + 7T. 

The diagrams of the respective processes are shown in 
Fig. 1. 



squared M 2 ^ and M are given by 




D l2 d (An) 



FIG. 1: The leading resonance mechanisms for the reaction 
p + n — > d + (mr)o. The 3-momenta in the c.m.s. of two 
particles are indicated between the respective lines. 

The amplitude for the emission of two neutral pions 
in the reaction p + n — > d + 7r°7r° at the c.m.s. energy 
E = i/s is then given by a sum of two terms: 

= M<£"> (MW + M%$) , (1) 

where 



M {a) 



M {Dl2) 



,(2) 
D 03 np 



Iv 



- ml + im a T a 



(2) 
(3) 




Ml 



x J^f{kX) + 



l Dl2 +im Dl2 T Dl2 



ki,\i -> k 2 , A 2 



(4) 



The amplitude M^ff for the above process (b) is sym- 
metrized over two identical pions. 

When taking into account only the dominating, i.e. the 
lowest, partial waves in vertices (indicated in superscripts 
of T's in Eqs. ©-(HI)), the spin-angular terms J^Xs an d 

Jtniif HD can be calculated using the standard scheme 
for the angular momenta coupling, by decomposing the 
total angular momentum as J = Jl + L, i.e. 3 = 1 + 2 
for the process (a) and {3 = 2 + 1,2 = 1 + 1} for the 
process (b). The factor jf$tf*{ji) comes from the vertex 
np — » D03 and, with the initial momentum p directed 
along z-axis, gives just a constant C Mi . 

With the amplitudes defined in Eqs. d])-®, the differ- 
ential cross sections as functions of the invariant masses 



da 



d(M^) (4 



—jj d n qd n k -Y,\M^ f \ 2 , (5) 



da 



d(Ml)- (4 



where = qk/2EM nn and = k 1 X 1 /2EM d ^ are 

the Lorentz-invariant phase-space factors. 

The energy dependence for the partial width of the 
resonance R with the invariant mass M decaying into 
particles 1 and 2 with invariant masses Mi and M 2 and 
the relative orbital angular momentum I has been param- 
eterized as 



1 fliaW — 1 R12 



21+1 



1+1 



(7) 



where q = [(M 2 - A/ 2 - M 2 2 ) 2 - 4M 1 2 M 2 ] 1/2 /2M is the 
modulus of the relative momentum between particles 1 
and 2, and an asterisk denotes the values in the reso- 
nance point. Such a parametrization provides a correct 
near-threshold behaviour of the partial widths, however 
preventing an unphysical rise of the widths at high ener- 
gies (see [23j for a similar parametrization in case 1 = 1). 
Thus, with an appropriate value of the parameter x, 
the centre of the Brcit-Wigner distribution can be prop- 
erly reproduced. For the partial widths introduced in 
Eqs. ©-flU, this is achieved with x = 0.1-0.2 GeV/c. 

The masses and total widths of the dibaryon reso- 
nances -D03 and -D12 have been fixed in our calculations 
as [13 

m Do3 = 2370 MeV, T Do:i = 70 MeV, 
m Dl2 = 2150 MeV, T Dl2 = 110 MeV. 

The remaining model parameters, i.e. the mass and 
width of the cr-meson and the relative weight of the am- 
plitudes corresponding to the processes (a) and (b) , were 
derived from the fit to the experimental data |6| on the 
-M 2 ^ spectrum, and then the Mj^ spectrum was calcu- 
lated using the same parameter values. 

The results for the M^ and Mj^ distributions at the 
peak energy y/s = 2.38 GeV (where the total cross sec- 
tion has a maximum) are presented in Fig. 2. The re- 
sults are normalised to the experimental value of the to- 
tal cross section (<7T)peak — 0.43 mb. It is evident that 
our simple model reproduces the shapes of these two dis- 
tributions almost perfectly. We observe that, although 
the cross section for the cr-generation process (a) alone is 
rather moderate, its contribution is crucial to reproduce 
the shape of the M% n distribution. Thus, its constructive 
interference with the Di2-production mechanism (6) at 
low M 2 W leads just to the observed height of the ABC- 
peak. On the other hand, when considering the Ml 
distribution (see Fig. 26), the er-production mechanism 
plays a role of a smooth background, while the process 
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FIG. 2: (Color online) Differential cross sections as functions 
of the invariant masses squared (a) and (6) M| x in the 

reaction pn — > d + tt°tv at the energy y/s = 2.38 GeV. The 
contribution of the cr-production mechanism (see Fig. la) is 
shown by dashed lines while the contribution of the mech- 
anism going through the intermediate dibaryon D12 (see 
Fig. lb) is shown by dash-dotted lines. The solid lines corre- 
spond to the summed cross sections. Shaded areas show the 
pure phase-space distributions. The experimental data (full 
circles) are taken from Ref. [(|. 

(b) alone almost gives the observed resonance enhance- 
ment. 

The resonance peak in the spectrum was asso- 

ciated previously with an excitation of the intermediate 
A- isobar Q. However, our results show that this peak 
may reflect just a generation of the intermediate dibaryon 
resonance D12 which then decays into the final deuteron 
and pion. In fact, the suggested mechanism of two-pion 
emission through the D12 excitation is very similar to 
the s-channel A- A model proposed in [6( , however with- 
out a soft form factor /aa- The point is that the D12- 
dibaryon, being located near to the iVA-threshold, has a 
large probability to be in the N + A ( 5 S < 2) state. So, one 
needs additional tests to distinguish between these two 
mechanisms. 

We also calculated the angular distributions for the fi- 
nal deuteron and pion emissions in the overall cm. frame 
and then compared our model predictions with the exper- 
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FIG. 3: (Color online) Angular distributions for the deuteron 
(a) and the pion (b) in the overall c.m.s. at the energy \fs = 
2.38 GeV. The meaning of curves is the same as in Fig. 2. 
The experimental data (full circles) are taken from Ref. [□]. 

imcntal data. Our results for the angular distributions 
are shown in Fig. 3. The agreement with the data is not 
as good as for the invariant mass distributions, however 
it is still quite reasonable. Moreover, if we confront our 
model predictions with those found in [6( on the basis of 
the s-channel A-A model, the description of the above 
two angular distributions seems to be not worse than 
that reached in [fj. So, with only three basic parameters 
extracted from the spectrum, our model is able to 
reproduce four differential distributions. 

The mass and width of the a- meson extracted from the 
fit to the ABC-peak are 

m a ~ 300 MeV, T a ~ 90 MeV. 

These values are notably less than those quoted in PDG 
tables for the cr-meson, and they are also lower than 
the values for the free a mass and width, found by extrap- 
olation from the dispersion relations for the tttt scattering 
amplitude to the a complex pole (2o| . 

m (. 0) = 441+g 6 MeV, ri 0) = 544t^ MeV. 

Bearing in mind the above arguments concerning the 
situations when the CSR occurs, one can suggest that the 
low values for the cr-meson parameters found here indi- 
cate to a partial CSR in the excited dibaryon state. Ac- 
tually, the Z?o3-resonance represents dense quark matter 
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(the density of a 6q system with a radius r ~ 0.8 fm corre- 
sponds to about six-fold normal nuclear density) and has 
an excitation energy of 500 MeV above the deuteron pole. 
Thus, the cr-meson produced from the D03 decay should 
have the lower mass and width than those for the free cr- 
meson. As the a - width found here is still quite large, the 
cr-meson is likely to decay before it escapes the field of the 
multi-quark bag and esquires its free-space parameters. 
This implies that when measuring the 7T7t invariant mass 
distribution, one should observe just the renormalised cr- 
meson with the reduced mass and width. This conclusion 
is in an agreement with the results of numerous theoret- 
ical studies concerning the CSR in hadronic and nuclear 
media fl5T4l7l |. The further experimental and theoreti- 
cal efforts are called for to check the fundamental CSR 
effects in hadronic systems. 

To summarize, we have proposed a principally new 
model for the basic double-pionic fusion reaction p + n — > 
d + (7T7r) . The model takes into account the D 03 - 
dibaryon production and its decay into the final deuteron 
and two pions by two alternative ways: (i) through an 
emission of the cr-meson and (ii) through a generation of 
the intermediate isovector dibaryon resonance D\2- So, 
the suggested mechanisms for the -D03 decay have a re- 
markable reminiscence with two analogous modes of the 
Roper resonance TV* (1440) decay. A reasonable agree- 
ment with the data of the recent exclusive experiments 
done at COSY-WASA [6|], without an assumption of the 
unnaturally soft form factor in the vertex D03 ~* AA, is 
obtained. 



Within the model proposed, the ABC-peak is consid- 
ered as a result of the cr-meson emission, whose mass 
and width, due to the partial restoration of chiral sym- 
metry, are reduced in the field of the multi-quark bag as 
compared to their free-space values. In this way, the ob- 
served enhancement in the low M„ T spectrum, similarly 
to the instant photograph, shows just the renormalised 
cr-meson in the field of the bag. Hence, by extracting 
the cr mass and width from the experimental data in the 
ABC region, one is able to judge about the degree of 
chiral symmetry restoration in the excited and/or dense 
hadronic systems. With this interpretation, it is easily 
understood why the ABC-cffcct is not seen in the re- 
action pn — > ppn~ir° (2(|: although the Do3-resonance 
is produced there as well, but the a-meson is not. So, 
we partially rehabilitate the initial interpretation of the 
ABC-effect suggested by its authors [l|, even though the 
cr-meson generation in our model is not related to the tttt 
final state interaction. Thus, on the basis of the model 
proposed, one can treat the ABC-type experiments as a 
first direct observation for the a-meson production in the 
NN, Nd, etc., collisions. 
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